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The physics of the dark sector has remained one of the controversial areas of modern cosmology
at present and hence it naturally attracts massive attention to the scientific community. With
the developments of the astronomical data, the physics of the dark sector is becoming much more
transparent than it was some twenty years back. The detection of gravitational waves (GWs) has
now opened a cluster of possibilities in the cosmological regime. Being motivated by the detection
of GWs and its possible impact on the physics of dark matter and dark energy, in this work we
focus on the interacting dark energy models. Assuming the simplest possibility in which the vacuum
energy with equation-of-state wx = −1 is allowed to interact with the pressureless dark matter, we
have extracted the constraints of the cosmological parameters.
PACS numbers: 98.80.-k, 95.36.+x, 95.35.+d, 98.80.Es
1. INTRODUCTION
We have already crossed 20 years of the detection of
the late time accelerating phase of the universe [1, 2].
During this period, the cosmology has witnessed a rapid
change in its development, however, we are looking for a
theory that could explain the present observational data
in a satisfactory way. The candidate, widely known as
dark energy (DE) to the scientific community, has re-
mained dark even after a number of promising obser-
vational tests. According to the present observational
evidences, nearly 68% of the total energy density of the
universe is filled up with such DE and around 28% of
the total energy density of the universe is filled up with
another dark fluid, namely dark matter (DM) [3, 4]. The
dynamics of them is also not yet understood to us. The
modelling of the universe has thus been greatly depen-
dent on the evolution of these dark components. Based
on the current literature, a number of cosmological mod-
els are already existing aiming to provide a clear descrip-
tion of the universe’s evolution in agreement with the
observational data from various sources. These cosmo-
logical models can be classified into two broad classes,
one is known as the non-interacting cosmological models
in which both the dark fluids, namely DM and DE, enjoy
independent evolution. On the other hand, the remaining
class of models is known as the interacting cosmological
models in which DM and DE interact with each other
∗Electronic address: d11102004@163.com
†Electronic address: supriya.maths@presiuniv.ac.in
‡Electronic address: eleonora.divalentino@manchester.ac.uk
§Electronic address: wang˙b@sjtu.edu.cn
¶Electronic address: Anzhong˙Wang@baylor.edu
through matter flow between them.
The interacting cosmological models have gained a
massive attention in the cosmological community for ex-
plaining many observational issues related to the dynam-
ics of the universe [5–28] (see [29, 30] for extensive reviews
on interacting dark energy theory). The theory of inter-
action has been popular in order to explain the cosmic
coincidence problem [31–35]. According to the recent ob-
servational evidences, the interaction between DM and
DE, although very mild (this mostly depends on the spe-
cific coupling), however, within 1σ confidence region, we
cannot rule it out [12, 36–41]. Additionally, the investi-
gations in this direction directly show that even if a mild
interaction in the dark sector could solve the tensions in
various cosmological parameters arising from their local
and global predictions, including the tension on the Hub-
ble constant H0 [42–46] and the tension on the amplitude
of the matter power spectrum σ8 [46–49]. Additionally,
the dark sector’s interaction can also explain an excess
amount of 21 cm absorption signal around the redshift
z ∼ 17 that has been recently detected by the Experi-
ment to Detect the Global Epoch of Reionization Signa-
ture (EDGES) [50, 51]. Apart from that, theory of in-
teraction further includes some other interesting aspects
in which the crossing of the phantom divide line is one
of them [52, 53]. Therefore, based on the above observa-
tions, both from theoretical and observational grounds,
interacting dark energy theory might be considered to be
a potential area for further investigations.
The current work has thus been motivated to work in
this area while the main incitement of this work is not
only to investigate the interacting models with the stan-
dard cosmological data, but also we proceed one step
further by investigating this area using the simulated
gravitational waves (GWs) data from the Einstein Tele-
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2scope. The use of GWs has potential implications in
cosmological studies that we shall point out here. As al-
ready known, GWs have been detected by LIGO and
VIRGO collaborations in recent times [54–60] with a
massive thrilling in the entire scientific community. Prob-
ably this is one of the greatest achievements of modern
science with a potential indication for a new era in cos-
mology and astrophysics. In fact GWs have another im-
portant aspect that comes through the understanding of
primordial gravitational waves, that means the detection
of gravitational waves in the extreme early phase of the
universe. From the effects of primordial GWs on the cos-
mic microwave background radiation, the origin of the
universe can better be understood. Naturally, through
the analysis of GWs, it is expected to have new cos-
mological and astrophysical information. Following the
detection of GWs the screening of cosmological models
has already been started by many investigators that in-
cludes analysis of various cosmological models [61–72] as
well as the estimation of the Hubble constant [73, 74].
In summary from the investigations and analysis car-
ried out in the recent time using the GWs data, it is
quite reasonable to test the effects of GWs on other ar-
eas of cosmology. Since the interaction in the dark sec-
tor has remained one of the most talkative issues since
quite a long time in the cosmological history, and it is
one of the promising research areas to understand the
tensions in the cosmological parameters, thus, undoubt-
edly one should apply GWs to this particular zone aim-
ing to look for more precise conclusion in this direction.
Now, following this motivation in the present work we
have considered an interacting scenario where cold dark
matter directly interacts with vacuum. We consider two
well motivated interaction models and analyze the sce-
narios using (i) the standard cosmological data such as,
cosmic microwave background radiation (CMB), baryon
acoustic oscillations (BAO), recent Pantheon sample of
supernovae type Ia, redshift space distortion (RSD), lo-
cal measurement of Hubble constant (R16), Hubble pa-
rameter measurements from cosmic chronometers (CC),
weak gravitational lensing (WL), and then (ii) we in-
clude the simulated GWs data from Einstein Telescope
with those standard cosmological datasets. By compar-
ing the results from two distinct analyses, it shows that
the inclusion of GWs data significantly improves the pa-
rameter space of the interactive models compared to their
constraints coming from the usual cosmological datasets.
This is an interesting outcome of the present work and
possibly will motivate other investigators to continue the
same using the GWs.
The work is organized in the following manner. In sec-
tion 2 we present the gravitational field equations in the
presence of an interaction in the dark fluids. The section
3 divided into two subsections where in the first subsec-
tion 3.1 we describe the current standard cosmological
data, while in the subsection 3.2 we describe the method
to simulate the gravitational waves data. After that in
section 4 we present the results of the analysis of the in-
teracting models. Finally, in section 5 we end the present
work with a brief summary of all the findings.
2. THE INTERACTING UNIVERSE:
GRAVITATIONAL EQUATIONS
We consider an interacting scenario between DM and
DE where the underlying gravitational sector follows the
Einstein gravity. The conservation equation for the com-
bined dark sector, that is, DM plus DE, follows,
∇µ(TDMµν + TDEµν ) = 0, (1)
which for a Friedmann-Lemaˆıtre-Robertson-Walker line
element,
ds2 = −dt2 + a2(t)
[
dr2
1− kr2 + r
2
(
dθ2 + sin2 θdφ2
)]
,(2)
where a(t) denotes the expansion scale factor of the uni-
verse, and k is the spatial curvature of the universe1, can
be decoupled into
ρ˙x = Q, (3)
ρ˙c + 3Hρc = −Q, (4)
where an overhead dot represents the cosmic time deriva-
tive; H ≡ a˙/a is the Hubble rate of the FLRW universe;
ρc, ρx are respectively the energy density of the pres-
sureless dark matter and the vacuum. The quantity Q
refers to the interaction rate between vacuum and the
cold dark matter. In general there is no such specific rule
to select any particular interaction rate, thus, usually we
allow some phenomenological models for Q and test the
underlying cosmological scenario with the observations.
This essentially reconstructs the expansion history of the
universe in the presence of the interaction. In addition
to that we assume the presence of baryons and radia-
tion in the universe but both of them have their own
conservation equation. That means, under their usual
equation of state, wi = pi/ρi (i = r, b where r is for radi-
ation and b for baryons), their evolution equations yield,
ρr = ρr0a
−4, ρb = ρb0a−3. Here ρr0, ρb0, respectively de-
note the present energy density of radiation and baryons.
The only constraint in such a universe is
H2 +
k
a2
=
8piG
3
∑
ρi, (5)
however, throughout the present work we shall consider
the spatially flat case, that means we assume k = 0. Now,
1 We note that k could take three different values, namely, k = 0
(flat universe), k = −1 (open universe) and k = +1 (closed
universe).
3we comment that, for any given interaction function Q,
the conservation equations (3) and (4) together with the
Hubble function (5) can determine the dynamics of the
interacting universe.
Let us now move to the cosmological perturbations of
the interacting vacuum models. In what follows we con-
sider the following perturbed FLRW metric [75–77]
ds2 = a2(τ)
[
− (1 + 2φ)dτ2 + 2∂iBdτdxi
+
(
(1− 2ψ)δij + 2∂i∂jE
)
dxidxj
]
, (6)
where τ is the conformal time and φ, B, ψ, E are the
gauge-dependent scalar perturbation quantities. Now,
using the perturbed metric (6), and the conservation
equations
∇νTµνA = QµA,
∑
A
QµA = 0,
one can calculate the gravitational field equations, see
[78–80]. We note that the above equation A ∈ {c, x}
where A = c, is for CDM and A = x for vacuum energy.
Here, we shall work in the synchronous gauge, that
means, φ = B = 0, ψ = η, and k2E = −h/2− 3η, with k
being the Fourier mode and h, η are the metric pertur-
bations. We also introduce some notations that will be
useful later. We introduce δA = δρA/ρA, as the density
perturbations for the fluid A, and θ = θµµ is the volume
expansion scalar of the total fluid, thus, for θc we mean
the volume expansion scalar for the CDM fluid. Thus,
with all the above notations in hand, in the synchronous
gauge, the momentum conservation equation for CDM is
reduced to [81]: θ˙c = 0.
The density perturbations for CDM in the comoving
synchronous gauge can be found as [81]
δ˙c = − h˙
2
+
Q
ρc
δc . (7)
We note that in this gauge, the vacuum energy is spatially
homogeneous which means that, δρx = 0. Thus, having
both the background and perturbative evolutions for any
coupling function Q, we are now able to proceed with the
examinations of the models.
Hence, with all of these above, we now close this section
with the models of interaction that we study here. In
what follows we propose the following two models for Q:
IVS1 : Q = 3Hξρx(t), (8)
IVS2 : Q = 3Hξρc(t)ρx(t)(ρc(t) + ρx(t))
−1, (9)
where in both the expressions of Q, ξ refers to the
coupling parameter (sometimes it is called the coupling
strength) of the models. The coupling parameter, ξ, has
the following two properties: (i) the strength of the in-
teraction via the magnitude of ξ and (ii) the direction of
energy flow between the dark sectors through its sign.
Parameter Prior
Ωbh
2 [0.005, 0.1]
Ωch
2 [0.01, 0.99]
τ [0.01, 0.8]
ns [0.5, 1.5]
log[1010As] [2.4, 4]
100θMC [0.5, 10]
ξ [−1, 1]
TABLE I: This table describes the flat priors on the model
parameters that we have used during the statistical analysis.
Here, Ωbh
2, Ωch
2, are the baryon and cold dark matter den-
sities, respectively; τ refers to the reionization optical depth;
100θMC denotes the ratio of sound horizon to the angular
diameter distance; ns is the scalar spectral index; AS is the
amplitude of the primordial scalar power spectrum and finally
ξ denotes the coupling parameter of the interaction models (8)
and (9).
3. OBSERVATIONAL DATA
In this section we describe the observational data used
in the analysis dividing them into two subsections: one
for the current cosmological probes and the other for
the simulated gravitational waves data from the Einstein
Telescope.
3.1. Current cosmological probes
• CMB: The Cosmic Microwave Background (CMB)
data are one of the potential astronomical probes
to analyze the DE models. Here, we make use of
the full range of multipoles in temperature and po-
larization of the CMB angular power spectra from
the Planck satellite (identified as Planck TT, TE,
EE + lowTEB) [82, 83].
• SNIa: The supernovae Type Ia (SNIa) data were
the first observational data reporting the accelerat-
ing phase of the universe. With the developments
of the observational data, different versions with
significant compilation of the SNIa had been avail-
able. In the present work we make use of the latest
Pantheon sample [84].
• BAO: We include the Baryon Acoustic Oscillations
(BAO) data from different observational missions
[85–87].
• RSD: The Redshift Space Distortion (RSD) data
are included in the analysis [88].
• Hubble: We also include the Hubble parame-
ter measurements from the Cosmic Chronometers
(CC) [90].
4• R16: We include the local measurement of the
Hubble constant value yielding H0 = 73.24 ± 1.74
km/s/Mpc at 68% CL [89].
• WL: Data from weak lensing (WL) are also im-
portant for dark energy analysis. Here we use
the cosmic shear data from the blue galaxy sam-
ple compiled from the Canada-France-Hawaii Tele-
scope Lensing Survey (CFHTLenS) [91, 92].
3.2. Gravitational waves data: Method of
simulation
Here we describe the mechanism to simulate the
Gravitational Waves Standard Sirens (GWSS) data in
which each data point consists of the following triplet
(z, dL(z), σdL) of a GW source: z is the redshift at which
the measurement is performed; dL(z) denotes the lumi-
nosity distance at redshift z; σdL is the corresponding
error.
The generation of the GWSS data is the initial step of
this work. This is performed by simulating the redshift
distribution of the sources with the assumption that the
redshifts of all observed GW sources are available to us.
We focus on GW events that originate from 2 distinct
types of binary systems: (I) the binary system combining
a Black Hole (BH) and a Neutron Star (NS) identified as
BHNS and (II) the binary neutron star (BNS). Let us
come to the main mathematical part of the analysis.
In order to proceed we need that redshift distribution
of the observable sources which follows [97, 98, 100]
P (z) ∝ 4pid
2
C(z)R(z)
H(z)(1 + z)
, (10)
where dC(z) is the co-moving distance at redshift z and
R(z) is the merger rate of binary systems that may in-
clude either BHNS or BNS with [98, 101, 102]
R(z) =

1 + 2z, z ≤ 1,
3
4 (5− z), 1 < z < 5,
0, z ≥ 5.
(11)
Now, we come to the technical part of the GW sim-
ulation. The complete configuration of our simulation
is based on the prediction of the Advanced LIGO-Virgo
network. The ratio between the observed binary events
(BHNS and BNS) is fixed to be 0.03 that makes BNS the
profouse majority of GW sources. Considering a rough
approximation of the mass distribution of the astrophys-
ical objects, namley, neutron stars and black holes, we
perform a random sampling of their masses from uni-
form distributions U(M, 2M) and U(3M, 10M) re-
spectively. Let us note that M represents one solar
mass. For a detailed information and discussions in this
direction one can see the references [98, 100].
Hence, following the approach described above one can
obtain the catalogue of the GWSS data by introducing
the fiducial model. The fiducial model could be any well
motivated cosmological model in principle. Now, for any
fiducial model, in the background of a FLRW universe,
one can be able to find the luminosity distance dL(z)
using
dL(z) = (1 + z)
∫ z
0
dz′
H(z′)
. (12)
where H(z) refers to the Hubble function corresponding
to the fiducial model. Therefore, using Eq. (12), one can
compute the mean luminosity distances of all the GW
sources which means that a relation between dL(z) vs. z
can be found for the underlying fiducial model.
Usually, ΛCDM is considered to be the fiducial model,
but however, one may consider some other cosmological
model as well in order to generate the simulated GW data
as technically there is no such binding to choose any other
model. Here we have not fixed ΛCDM as the fiducial
model which is generally considered for its simplicity (see
[97, 98]), but we have considered our interacting scenarios
as the fiducial model. In particular, for each combination
of datasets and models considered, we used the obtained
best fit for simulating the GW data, and we forecast the
improvement obtained on the constraints by the addition
of them.
Now, once the luminosity distance of the GW source
is known, it is essential to calculate the error associated
with it, denoted by σdL . The determination of the error
demands the expression of the GWs signal, that means,
the strain of GW interferometers. Since the amplitude of
the GW depends on dL(z), one can extract the informa-
tion concerning the luminosity distance dL(z) provided
the other parameters, such as the masses of the under-
lying binary system, are evaluated from the waveform.
That is why the GW events are frequently referred to
as the standard sirens, (similar to the Supernovae Type
Ia). Consequently, the error of GW detection (given in
terms of GW SNR) is passed to σdL(z) through the Fisher
matrix.
We now describe the strain of GW interferometers
which is supposed to be the main part of this section.
The strain h(t) in the GW interferometers assuming the
transverse-traceless (TT) gauge, can be written following
[98, 100] as
h(t) = F+(θ, φ, ψ)h+(t) + F×(θ, φ, ψ)h×(t),
in which the involved quantities have the following mean-
ings: F+ and F× are the beam pattern functions of
the Einstein Telescope (ET); ψ denotes the polariza-
tion angle; θ, φ describe the location of the GW source
relative to the GW detector (here Einstein Telescope);
h+ = hxx = −h−yy, h× = hxy = hyx (two independent
components of the GWs tensor hµν in the transverse-
traceless (TT) gauge). We refer to [98] for a detailed
description about this.
5The antenna pattern functions of the Einstein Tele-
scope can be written as [97, 98, 100]
F
(1)
+ (θ, φ, ψ) =
√
3
2
[1
2
(1 + cos2(θ)) cos(2φ) cos(2ψ)
− cos(θ) sin(2φ) sin(2ψ)
]
, (13)
F
(1)
× (θ, φ, ψ) =
√
3
2
[1
2
(1 + cos2(θ)) cos(2φ) sin(2ψ)
+ cos(θ) sin(2φ) cos(2ψ)
]
. (14)
Concerning the remaining two interferometers, their
antenna pattern functions can be found with the use of
(13), (14) and by substituting φ by either φ + 120◦ or
φ+ 240◦. The reason in doing so is that the three inter-
ferometers actually form an equilateral triangular shape,
and therefore they make 60◦ with each other.
Now following [97, 103] we compute the Fourier trans-
form H(f) of the time domain waveform h(t) with the
assumption of stationary phase approximation. And this
leads us to have, H(f) = Af−7/6 exp[i(2pift0 − pi/4 +
2ψ(f/2)−ϕ(2.0))], in which A represents the Fourier am-
plitude having
A = 1
dL
√
F 2+(1 + cos
2(ω))2 + 4F 2× cos2(ω)
×
√
5pi/96pi−7/6M5/6c . (15)
Here,Mc is named as the ‘chirp mass’ related to the the
total mass M (= m1 +m2) of the coalescing binary sys-
tem in which m1, m2 are the component masses. The
symmetric mass ratio (SMR) is given by η = m1m2/M
2
which is related to the chirp mass asMc = Mη3/5. Let us
mention clearly that the masses we mention here, namely
Mc, M , are the observed masses obeying a relation to the
intrinsic masses given by Mobs = (1 + z)Mint. This rela-
tion exhibits an enhancement of a factor by (1 + z). Let
us clarify some more points related to the above equation
(15). With the line of sight the angle of inclination of the
binary’s orbital angular momentum is denoted by ω, see
eqn. (15).
As the short gamma ray bursts are usually strongly
beamed, from the coincidence observations of the short
gamma ray bursts, it is indicated that the binaries should
be aligned in a definite way so that ω ' 0 having its
maximal inclination about ω = 20◦.
Now we come to the signal-to-noise ratio (SNR) which
can be calculated once the waveform of GWs is known
and it is a very important quantity because in detecting
the GW event it plays a very crucial role. Actually, a GW
detection is confirmed if the combined SNR is found to be
of at least 8 in the Einstein Telescope [104, 105] (see for
more details [97–99, 106]). The combined SNR for the
network that includes three independent interferometers
is
ρ =
√√√√ 3∑
i=1
(ρ(i))2, where ρ(i) =
√〈H(i),H(i)〉, (16)
where inner product used in (16) follows [97, 98, 100]
〈a, b〉 = 4
∫ fupper
flower
a˜(f)b˜∗(f) + a˜∗(f)b˜(f)
2
df
Sh(f)
, (17)
in which the symbol ‘∼’ refers to Fourier transformations
of the corresponding quantities and Sh(f) denotes the
one-side noise power spectral density. Let us mention
that Sh(f) has been taken to be same as in article [97].
Using the Fisher matrix approach, one can determine
the instrumental error on dL through
σinstdL '
√〈
∂H
∂dL
,
∂H
∂dL
〉−1
. (18)
Now, considering the fact that dL is independent of
other parameters and then with the use of the relation
H ∝ d−1L [from eqn. (18)], one can quickly derive that,
σinstdL ' dL/ρ. The next step is to find the uncertainty
during the estimation of dL(z) and for this calculation
it is essential to consider the effect of ω, the inclina-
tion angle. Moreover, the correlation between dL(z)
and ω is another important issue that should be taken
into account here. We consider the maximal effect of
inclination on the SNR which is a factor of 2 between
ω = 0◦ and ω = 90◦. Now, to furnish the estimation
of ability of the GWs data in the context of cosmolog-
ical model building and their parameter estimation, we
follow [103] where the estimation of the error imposed
on the luminosity is doubled, that means, σinstdL ' 2dLρ .
Furthermore, under the short-wave approximation, GWs
are lensed in a similar way as we find with the electro-
magnetic waves during propagation. This results in an
additional weak lensing error as σlensdL = 0.05zdL [98]. As
a result of that the combined error can be calculated to
be σdL =
√
(σinstdL )
2 + (σlensdL )
2, where the errors σinstdL and
σlensdL , are already defined above.
Henceforth, following the above methodology, we can
generate the simulated GWSS dataset comprising of (z,
dL(z), σdL(z)) in which dL(z), σdL(z) are respectively the
luminosity distance and its error at a particular redshift
z. Usually one can increase the number of GW events.
However, as marked in [98], the sensitivity of at least
1000 GW events is approximately similar to the Planck’s
constraining ability. Therefore, we have considered 1000
GW events for analyzing the present cosmological models
in this work.
With the above descriptions, we are now at the final
stage to use the GWSS data directly into our analysis.
The analysis with GW data is same compared to the
usual cosmological data. For GWSS measurements com-
prising N simulated data points, the χ2 function is,
χ2GW =
N∑
i=1
[
d¯iL − dL(z¯i; ~Θ)
σ¯idL
]2
, (19)
in which as already mentioned above, d¯iL, σ¯
i
dL
are re-
spectively the luminosity distance and the corresponding
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FIG. 1: The description of the figure is as follows. Here we have considered the IVS1 model as the fiducial one. We first
constrain the free and derived parameters of IVS1 using all the datasets, namely, CMB, CMB+BAO, CMB+BAO+Pantheon
and CMB+BAO+Pantheon+RSD and CMB+BAO+Pantheon+RSD+R16+CC+WL. After that we use the best-fit values of
all the constrained parameters for each dataset (CMB, CMB+BAO and others) to generate the corresponding GW catalogue
containing 1000 simulated GW events. In each plot we show dL(z) vs z catalogue with corresponding error bars for 1000
simulated GW events. The upper left graph is for CMB alone, upper right graph is for CMB+BAO, the lower left graph is
for CMB+BAO+Pantheon, lower right graph is for CMB+BAO+Pantheon+RSD and the bottom graph is for the dataset
CMB+BAO+Pantheon+RSD+R16+CC+WL.
error at a particular redshift zi. Let us note that by ~Θ
we represent the cosmological parameters involved with
the models.
The likelihood analysis of this work follows L ∝
e−
∑
χ2i /2, where χ2i represents the corresponding χ
2 for
the i-th dataset employed in this work. So, we clarify that
when we use only the standard cosmological datasets,
then i must belong to CMB, BAO, RSD etc (see sub-
section 3.1), while if we want to include GWs with the
standard datasets, then χ2 should include both from
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FIG. 2: The description of the figure is as follows. Here we have considered the IVS2 model as the fiducial one. We first
constrain the free and derived parameters of IVS2 using all the datasets, namely, CMB, CMB+BAO, CMB+BAO+Pantheon
and CMB+BAO+Pantheon+RSD and CMB+BAO+Pantheon+RSD+R16+CC+WL, and after that we use the best-fit values
of all the constrained parameters for each dataset (CMB, CMB+BAO and others) to generate the corresponding GW catalogue
containing 1000 simulated GW events. In each plot we show dL(z) vs z catalogue with corresponding error bars for 1000
simulated GW events. The upper left graph is for CMB alone, upper right graph is for CMB+BAO, the lower left graph is
for CMB+BAO+Pantheon, lower right graph is for CMB+BAO+Pantheon+RSD and the bottom graph is for the dataset
CMB+BAO+Pantheon+RSD+R16+CC+WL.
standard datasets and simulated GW catalogue. The
global fitting has been done by using cosmomc [94, 95],
a publicly available Monte-Carlo Markov Chain pack-
age which (i) is equipped with a convergence diagnos-
tic based on the Gelman and Rubin statistic, (ii) im-
plements an efficient sampling of the posterior distribu-
tion using the fast/slow parameter decorrelations [96],
and (iii) includes the support for the Planck data release
2015 Likelihood code [83] (see the freely available code at
http://cosmologist.info/cosmomc/). We note that in
8Table I we have shown the priors imposed on all free pa-
rameters for the purpose of statistical analysis. The read-
ers may wonder why we use the Planck 2015 likelihood
data [83], as the Planck 2018 cosmological parameters
are now already available [4]. The reason is that Planck
2018 likelihood code is still not made public. However,
after the new Planck 2018 likelihood code is available it
will be interesting to redo the same analysis in order to
see how the new data affect the cosmological parame-
ters compared to their constraints obtained from Planck
2015.
4. RESULTS
In this section we describe the main results
that we find from the interacting models con-
sidered in this work. For both the interac-
tion models we have considered exactly similar
observational datasets, namely, CMB, CMB+BAO,
CMB+BAO+Pantheon, CMB+BAO+Pantheon+RSD,
CMB+BAO+Pantheon+RSD+R16+CC+WL, to be ho-
mogeneous throughout the description. Before present-
ing all the results for IVS1 and IVS2 we comment on
the fiducial model. In order to generate the GW cat-
alogue we have assumed IVS1 and IVS2 as the fiducial
models. When we consider IVS1 as the fiducial model,
we first consider the best-fit values for all the free and
derived parameters of this model extracted from any ob-
servational dataset. Then we use these best-fit values to
generate the corresponding GW catalogue that contains
1000 simulated GW events. In Fig. 1 we have shown the
relation between dL(z) vs. z (with error bars on dL(z))
for 1000 GW simulated GW events. We then use this
catalogue as the forecasted dataset with the standard
cosmological probes using the χ2-technique described at
the end of section 3. In a similar fashion we consider IVS2
as the fiducial model and do the same thing similar to
IVS1. Fig. 2 shows the catalogue for 1000 simulated GW
events for IVS2. In what follows we describe the results
that we extract from IVS1 and IVS2 after the inclusion
of the simulated GW data.
4.1. IVS1: Q = 3Hξρx(t)
The observational constraints for this interaction func-
tion (equivalently the interaction scenario) using the cur-
rent cosmological probes, namely CMB, BAO, Pantheon,
RSD, R16, CC and WL, have been shown in Table II
where specifically we have presented the 68% and 95%
CL constraints on each free and derived parameters, and
in Fig. 3 we show the corresponding triangular plot. On
the other hand, in Table III we have shown the forecasted
constraints on the same cosmological parameters of this
interaction scenario but after the inclusion of the grav-
itational waves data that we have simulated using the
Einstein Telescope. Thus, the tables, namely Table II
and Table III, present an explicit comparisons between
the cosmological parameters of this interaction scenario
showing how the simulated GW data could affect the
cosmological parameters.
From Table II and Fig. 3, one can see that the
cosmological parameters obtained with the introduction
of the interactive model are perfectly in agreement
within one standard deviation with the bounds obtained
from the Planck collaboration assuming the ΛCDM
model, but with weakened constraints, in particular
for H0 and θMC . The reason of this agreement is that
the interaction parameter ξ is consistent with a null
interaction value. For the CMB data alone, thanks to
the larger error bars, one can see that at about 2.3σ the
Hubble constant estimation becomes in agreement to
its local measurement by Riess et al. 2016 [89] and at
about 2.5σ with Riess et al. 2018 [93]. The inclusion
of BAO to CMB shifts ξ, and so H0 that is positively
correlated with it (see Fig. 3), towards higher values
with respect to the CMB alone case, and now H0 is in
agreement with its local estimations at about 2.2− 2.4σ,
even if the error bars are reduced. The inclusion of
Pantheon to the former dataset (CMB+BAO) shrinks
the constraints, confirming approximately the mean
values of ξ and H0, and resulting in an increase of the H0
tension with [89] at about 2.7σ and with [93] at about
3σ. The addition of RSD to CMB+BAO+Pantheon,
shifts ξ back to the zero value, and consequently H0
towards the ΛCDM value, due to their degeneracy,
and the tension at more than 3σ. This happens be-
cause of the tension between the RSD dataset and the
CMB. Finally, the inclusion of the full combination
i.e., CMB+BAO+Pantheon+RSD+R16+CC+WL
(CBPRR16CW), doesn’t add any more
constraining power to the previous case
(CMB+BAO+Pantheon+RSD), and sometimes the
error bars are larger, as for example σ8, for the tension
of CBPR with the R16 dataset.
The inclusion of the simulated GWs to the current
standard cosmological probes has a large impact for this
interactive model. Looking at Fig. 4, we can see that the
most affected independent parameters of our analysis by
the inclusion of the GWs, are Ωch
2, θMC and ξ, with an
effect on the derived parameters Ωm, σ8 and H0. In fact,
even if GWs are geometrical probes, and they are not sen-
sitive to the clustering parameter, however, by breaking
the degeneracies between the free and derived parameters
in a specific cosmological model, GWs could also improve
the constraints on σ8, see for instance [107]. That means
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FIG. 3: The figure for IVS1 shows two different things as follows. It contains the 68% and 95% confidence level contour
plots among several combinations of the model parameters using only the standard cosmological probes namely CMB, BAO,
Pantheon, RSD, R16, CC and WL. Also, it shows the one dimensional marginalized posterior distributions of some selected
parameters. We note that here Ωm0 is the present value of Ωm = Ωc + Ωb, and H0 is in the units of Km/sec/Mpc.
Parameters CMB CB CBP CBPR CBPRR16CW
Ωch
2 0.1074+0.0271+0.0366−0.0228−0.0389 0.108
+0.019+0.032
−0.015−0.033 0.112
+0.012+0.021
−0.010−0.021 0.1171
+0.0097+0.016
−0.0071−0.018 0.1092
+0.0090+0.018
−0.0082−0.018
Ωbh
2 0.02220+0.00016+0.00031−0.00016−0.00030 0.02226
+0.00015+0.00030
−0.00015−0.00029 0.02227
+0.00015+0.00029
−0.00015−0.00028 0.02226
+0.00015+0.00030
−0.00015−0.00029 0.02230
+0.00015+0.00028
−0.00014−0.00028
100θMC 1.04118
+0.00129+0.00255
−0.00166−0.00236 1.0412
+0.0009+0.0020
−0.0011−0.0019 1.04096
+0.00061+0.0013
−0.00068−0.0012 1.04065
+0.00049+0.0011
−0.00055−0.0010 1.04113
+0.00051+0.0011
−0.00059−0.0011
τ 0.078+0.017+0.033−0.017−0.033 0.084
+0.017+0.033
−0.017−0.034 0.085
+0.017+0.031
−0.017−0.033 0.074
+0.017+0.032
−0.016−0.031 0.067
+0.018+0.031
−0.016−0.034
ns 0.9734
+0.0044+0.0089
−0.0045−0.0090 0.9755
+0.0041+0.0084
−0.0045−0.0082 0.9759
+0.0041+0.0078
−0.0040−0.0080 0.9752
+0.0042+0.0079
−0.0042−0.0080 0.9762
+0.0040+0.0083
−0.0041−0.0077
ln(1010As) 3.100
+0.033+0.065
−0.033−0.064 3.109
+0.034+0.065
−0.034−0.066 3.111
+0.034+0.061
−0.033−0.066 3.089
+0.032+0.063
−0.032−0.061 3.074
+0.034+0.061
−0.032−0.066
ξ 0.034+0.083+0.120−0.068−0.125 0.032
+0.051+0.098
−0.054−0.098 0.020
+0.034+0.066
−0.035−0.065 0.005
+0.025+0.060
−0.032−0.055 0.027
+0.027+0.056
−0.029−0.057
Ωm0 0.285
+0.062+0.119
−0.082−0.113 0.280
+0.047+0.086
−0.045−0.089 0.291
+0.030+0.058
−0.029−0.057 0.307
+0.027+0.046
−0.022−0.051 0.282
+0.024+0.048
−0.023−0.049
σ8 0.929
+0.104+0.334
−0.219−0.259 0.91
+0.08+0.26
−0.15−0.22 0.873
+0.059+0.15
−0.085−0.14 0.832
+0.038+0.12
−0.060−0.097 0.869
+0.048+0.12
−0.069−0.12
H0 67.99
+2.52+3.52
−1.87−3.80 68.4
+1.3+2.5
−1.3−2.4 68.12
+0.82+1.6
−0.83−1.6 67.60
+0.72+1.4
−0.70−1.4 68.50
+0.70+1.4
−0.67−1.3
TABLE II: Observational constraints on the first interaction model IVS1 of (8) have been shown using the standard cosmological
probes CMB, BAO, Pantheon, RSD, R16, CC and WL. The parameter Ωm0 is the present value of the matter density parameter
Ωm = Ωc + Ωb, and H0 is in the units of km/sec/Mpc. Here, CB = CMB+BAO, CBP = CMB+BAO+Pantheon, CBPR =
CMB+BAO+Pantheon+RSD, CBPRR16CW = CMB+BAO+Pantheon+RSD+R16+CC+WL.
GWs could indirectly improve the parameters quantify-
ing the large scale behaviour of our universe. From Table
III, one can see that the error bars on the independent
cosmological parameters for the CMB case are expected
to have an improvement of a factor more than 2 by the
addition of the GWs data, while the derived parameter
H0 significantly decreases of a factor about 4 compared
to its constraints from the only corresponding CMB case
(see Table II) reaching an accuracy of 1% on its deter-
mination. We found that CMB+GW performs better
with respect to CMB+BAO in Table II, constraining the
cosmological parameters in a stronger way for this inter-
active model. This improvement is forecasted to be sig-
nificant also with respect to the case CMB+BAO, as we
can see in Fig. 5, even if slightly less pronounced. In fact,
CMB+GW and CMB+BAO+GW are expected to have
10
Parameters CG CBG CBPG CBPRG CBPRR16CWG
Ωch
2 0.109+0.012+0.019−0.010−0.022 0.118
+0.011+0.019
−0.010−0.020 0.1170
+0.0090+0.018
−0.0092−0.016 0.1170
+0.0090+0.018
−0.0092−0.016 0.1136
+0.0058+0.012
−0.0060−0.012
Ωbh
2 0.02218+0.00015+0.00029−0.00014−0.00028 0.02204
+0.00014+0.00029
−0.00016−0.00028 0.02222
+0.00015+0.00028
−0.00014−0.00028 0.02228
+0.00014+0.00029
−0.00014−0.00027 0.02238
+0.00014+0.00028
−0.00013−0.00028
100θMC 1.04107
+0.00054+0.0013
−0.00067−0.0011 1.04031
+0.00060+0.0012
−0.00060−0.0012 1.04065
+0.00047+0.00097
−0.00048−0.00093 1.04069
+0.00047+0.00098
−0.00048−0.00098 1.04099
+0.00036+0.00072
−0.00036−0.00075
τ 0.078+0.017+0.033−0.017−0.034 0.074
+0.017+0.034
−0.017−0.032 0.082
+0.017+0.033
−0.017−0.033 0.075
+0.017+0.033
−0.017−0.034 0.074
+0.017+0.033
−0.017−0.034
ns 0.9728
+0.0042+0.0088
−0.0044−0.0082 0.9712
+0.0041+0.0083
−0.0040−0.0081 0.9749
+0.0040+0.0078
−0.0041−0.0074 0.9755
+0.0042+0.0087
−0.0043−0.0082 0.9781
+0.0040+0.0079
−0.0040−0.0077
ln(1010As) 3.100
+0.035+0.063
−0.032−0.066 3.093
+0.034+0.066
−0.033−0.063 3.106
+0.034+0.065
−0.034−0.066 3.090
+0.033+0.062
−0.032−0.064 3.086
+0.034+0.064
−0.033−0.066
ξ 0.034+0.035+0.070−0.038−0.068 0.0056
+0.037+0.069
−0.036−0.067 0.0070
+0.028+0.056
−0.029−0.054 0.0045
+0.033+0.056
−0.031−0.063 0.012
+0.021+0.039
−0.020−0.041
Ωm0 0.285
+0.028+0.053
−0.028−0.056 0.317
+0.030+0.052
−0.029−0.055 0.306
+0.022+0.043
−0.022−0.044 0.306
+0.023+0.046
−0.026−0.043 0.292
+0.014+0.030
−0.015−0.029
σ8 0.901
+0.060+0.17
−0.094−0.15 0.841
+0.055+0.13
−0.077−0.12 0.844
+0.046+0.11
−0.061−0.10 0.832
+0.049+0.11
−0.062−0.11 0.839
+0.037+0.081
−0.042−0.073
H0 67.94
+0.65+1.3
−0.64−1.3 66.77
+0.66+1.3
−0.65−1.2 67.52
+0.51+1.0
−0.56−1.0 67.69
+0.56+1.0
−0.57−1.0 68.42
+0.33+0.67
−0.34−0.66
TABLE III: Observational constraints on the first interaction model IVS1 of (8) have been shown after the inclusion of
the gravitational waves data with the standard cosmological probes. The parameter Ωm0 is the present value of the
matter density parameter Ωm = Ωc + Ωb, and H0 is in the units of km/sec/Mpc. Here, CG = CMB+GW, CBG
= CMB+BAO+GW, CBPG = CMB+BAO+Pantheon+GW, CBPRG = CBPR = CMB+BAO+Pantheon+RSD+GW,
CBPRR16CWG = CMB+BAO+Pantheon+RSD+R16+CC+WL+GW.
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FIG. 4: We compare the one dimensional marginalized posterior distributions for some selected parameters of the interacting
scenario IVS1 considering the observational datasets CMB and CMB+GW.
the same error bars (see Table III), and in other words,
BAO will not add any more information in this case.
A further improvement is expected with the addition of
Pantheon, with a gain of about a factor of 1.2−1.5 on the
previous cosmological parameters by the inclusion of the
GWs data to the CMB+BAO+Pantheon combination.
And again there is no further improvements with the
RSD dataset as we can see by comparing the constraints
obtained from the datasets CMB+BAO+Pantheon+GW
and CMB+BAO+Pantheon+RSD+GW, summarized in
Table III. Finally, we can see an additional improvement
in the constraints of free and derived parameters when
one considers the full combination in the last column of
Table III. This improvement results up to a factor of 2
(one can compare this by looking at the last columns
of Table II and Table III. In fact, from the graphical
presentation, see Fig. 6, it is clearly manifested. That
means the effects of GWs on the concerned cosmological
parameters are quite evident. In particular, we see that
it is possible to reach an error of 0.020 on ξ, allowing
in principle to detect or have stronger constraints on the
interaction parameter, ξ, and an accuracy of 0.5% on the
Hubble constant H0 shedding light on the current tension
between the CMB and the local measurements.
4.2. IVS2: Q = 3Hξρc(t)ρx(t)(ρc(t) + ρx(t))
−1
In this section we describe the results for the IVS2 in-
teractive scenario using different observational such as
CMB, BAO, Pantheon, RSD, R16, CC and WL as well
as the simulated GWs data from the Einstein Telescope.
In Table IV and Table V we have clearly presented the
constraints on all the free and derived parameters (at
68% and 95% CL) using the current standard cosmo-
logical data and the simulated GWs data, respectively.
Thus, Table IV and Table V effectively summarize this
interactive model. Also, in Fig. 7 we show a triangular
plot for this interactive scenario using only the standard
cosmological probes.
From Table IV and Fig. 7, we can see that the cos-
mological parameters obtained with the introduction of
the interactive model are in agreement with the bounds
obtained from the Planck collaboration assuming the
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FIG. 5: We compare the cosmological constraints on the free parameters of IVS1 for the observational datasets CMB+BAO
and CMB+BAO+GW.
Parameters CMB CB CBP CBPR CBPRR16CW
Ωch
2 0.118+0.037+0.060−0.033−0.061 0.112
+0.014+0.022
−0.011−0.025 0.1132
+0.0078+0.013
−0.0058−0.016 0.1190
+0.0062+0.012
−0.0060−0.013 0.1122
+0.0061+0.011
−0.0056−0.011
Ωbh
2 0.02220+0.00015+0.00031−0.00015−0.00029 0.02226
+0.00015+0.00030
−0.00015−0.00031 0.02226
+0.00014+0.00029
−0.00016−0.00028 0.02226
+0.00015+0.00030
−0.00015−0.00031 0.02229
+0.00015+0.00029
−0.00015−0.00029
100θMC 1.0406
+0.0016+0.0035
−0.0023−0.0031 1.04094
+0.00063+0.0014
−0.00077−0.0013 1.04090
+0.00041+0.00096
−0.00051−0.00085 1.04055
+0.00042+0.00084
−0.00041−0.00083 1.04097
+0.00040+0.00078
−0.00039−0.00076
τ 0.079+0.017+0.033−0.017−0.034 0.085
+0.016+0.032
−0.016−0.033 0.086
+0.019+0.031
−0.016−0.034 0.075
+0.017+0.034
−0.017−0.034 0.068
+0.016+0.032
−0.016−0.034
ns 0.9733
+0.0041+0.0089
−0.0047−0.0085 0.9754
+0.0043+0.0087
−0.0045−0.0084 0.9758
+0.0043+0.0080
−0.0041−0.0083 0.9754
+0.0041+0.0083
−0.0040−0.0081 0.9759
+0.0041+0.0084
−0.0045−0.0081
ln(1010As) 3.101
+0.033+0.064
−0.033−0.065 3.111
+0.031+0.062
−0.031−0.064 3.113
+0.037+0.061
−0.032−0.065 3.090
+0.033+0.065
−0.033−0.067 3.076
+0.032+0.061
−0.031−0.065
ξ 0.02+0.22+0.42−0.27−0.42 0.05
+0.07+0.18
−0.11−0.16 0.038
+0.042+0.12
−0.058−0.095 −0.0027+0.043+0.090−0.045−0.089 0.041+0.040+0.086−0.046−0.079
Ωm0 0.33
+0.09+0.25
−0.16−0.22 0.291
+0.041+0.068
−0.036−0.072 0.293
+0.023+0.039
−0.019−0.047 0.312
+0.020+0.039
−0.019−0.039 0.289
+0.017+0.033
−0.017−0.033
σ8 0.84
+0.12+0.23
−0.16−0.21 0.854
+0.044+0.11
−0.062−0.096 0.851
+0.028+0.074
−0.037−0.064 0.818
+0.026+0.053
−0.028−0.049 0.836
+0.024+0.050
−0.027−0.047
H0 66.9
+5.3+8.7
−4.3−9.2 68.3
+1.3+2.7
−1.5−2.5 68.19
+0.71+1.6
−0.84−1.5 67.46
+0.73+1.5
−0.76−1.4 68.47
+0.66+1.3
−0.66−1.3
TABLE IV: Observational constraints on the second interaction model IVS2 of (9) have been shown using the standard cosmo-
logical probes CMB, BAO, Pantheon, RSD, R16, CC and WL. The parameter Ωm0 is the present value of the matter density
parameter Ωm = Ωc + Ωb, and H0 is in the units of km/sec/Mpc. Here, CB = CMB+BAO, CBP = CMB+BAO+Pantheon,
CBPR = CMB+BAO+Pantheon+RSD, CBPRR16CW = CMB+BAO+Pantheon+RSD+R16+CC+WL.
ΛCDM model, because ξ is consistent with zero. For
the CMB data alone, we find very larger error bars on
ξ with respect to the IVS1 model, that corresponds to
very large error bars on H0, due to their positive cor-
relation, as we can see from Fig. 7. In this case, the
Hubble constant is in agreement at about 1.1−1.2σ with
its local measurement by [89] and [93]. The inclusion of
BAO to CMB shrinks a lot the constraints shifting H0
slightly towards higher values with respect to the CMB
case alone, in agreement with the same combination of
data for the IVS1 model. The inclusion of Pantheon to
CMB+BAO halves the error bars on most of the cosmo-
logical parameters, restoring the H0 tension with [89] at
about 2.6σ and with [93] at about 3σ. The addition of
RSD to CMB+BAO+Pantheon doesn’t improve in a sig-
nificant way the bounds on the cosmological parameters,
but shifts the Hubble constant mean value increasing the
disagreement at more than 3 standard deviations. Fi-
nally the further inclusion of the full combination we are
considering in this work, i.e. R16+CC+WL, brings again
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FIG. 6: We compare the cosmological constraints on the free parameters of IVS1 for the observational datasets
CMB+BAO+Pantheon+RSD+R16+CC+WL and CMB+BAO+Pantheon+RSD+R16+CC+WL+GW.
Parameters CG CBG CBPG CBPRG CBPRR16CWG
Ωch
2 0.1245+0.0067+0.012−0.0061−0.012 0.1209
+0.0069+0.012
−0.0065−0.012 0.1116
+0.0064+0.010
−0.0050−0.012 0.1173
+0.0053+0.010
−0.0054−0.011 0.1109
+0.0055+0.010
−0.0047−0.011
Ωbh
2 0.02216+0.00015+0.00031−0.00016−0.00029 0.02235
+0.00016+0.00031
−0.00016−0.00029 0.02225
+0.00014+0.00026
−0.00014−0.00027 0.02224
+0.00014+0.00027
−0.00014−0.00027 0.02227
+0.00014+0.00026
−0.00013−0.00026
100θMC 1.04012
+0.00040+0.00075
−0.00038−0.00077 1.04055
+0.00036+0.00074
−0.00037−0.00072 1.04095
+0.00038+0.00076
−0.00037−0.00073 1.04060
+0.00036+0.00073
−0.00035−0.00069 1.04101
+0.00034+0.00070
−0.00037−0.00069
τ 0.078+0.017+0.033−0.017−0.033 0.089
+0.019+0.032
−0.018−0.034 0.085
+0.019+0.032
−0.017−0.034 0.073
+0.018+0.034
−0.017−0.034 0.066
+0.016+0.033
−0.016−0.034
ns 0.9723
+0.0044+0.0088
−0.0044−0.0084 0.9780
+0.0045+0.0090
−0.0046−0.0091 0.9754
+0.0040+0.0080
−0.0040−0.0083 0.9748
+0.0041+0.0081
−0.0040−0.0081 0.9753
+0.0039+0.0078
−0.0039−0.0079
ln(1010As) 3.100
+0.034+0.063
−0.033−0.064 3.119
+0.035+0.063
−0.036−0.067 3.111
+0.036+0.063
−0.033−0.066 3.086
+0.034+0.064
−0.033−0.066 3.071
+0.032+0.064
−0.032−0.066
ξ −0.028+0.045+0.095−0.052−0.091 −0.018+0.048+0.096−0.052−0.096 0.048+0.037+0.093−0.051−0.086 0.010+0.041+0.081−0.043−0.076 0.050+0.035+0.083−0.044−0.079
Ωm0 0.336
+0.020+0.040
−0.020−0.038 0.316
+0.020+0.038
−0.020−0.036 0.288
+0.017+0.030
−0.015−0.034 0.307
+0.016+0.032
−0.016−0.031 0.285
+0.014+0.027
−0.014−0.030
σ8 0.812
+0.029+0.060
−0.029−0.055 0.819
+0.032+0.056
−0.032−0.059 0.857
+0.027+0.056
−0.031−0.053 0.824
+0.024+0.048
−0.026−0.046 0.840
+0.022+0.048
−0.026−0.044
H0 66.24
+0.58+1.2
−0.59−1.1 67.46
+0.60+1.1
−0.65−1.1 68.36
+0.50+1.1
−0.55−1.0 67.61
+0.53+1.0
−0.52−1.0 68.58
+0.47+0.98
−0.53−0.96
TABLE V: Observational constraints on the first interaction model IVS2 of (9) have been shown after the inclusion of
the gravitational waves data with the standard cosmological probes. The parameter Ωm0 is the present value of the
matter density parameter Ωm = Ωc + Ωb, and H0 is in the units of km/sec/Mpc. Here, CG = CMB+GW, CBG
= CMB+BAO+GW, CBPG = CMB+BAO+Pantheon+GW, CBPRG = CBPR = CMB+BAO+Pantheon+RSD+GW,
CBPRR16CWG = CMB+BAO+Pantheon+RSD+R16+CC+WL+GW.
the mean value of H0 up, with an accuracy of 1%, and the
τ value down, in agreement with Planck 2018 [4] within
one standard deviation.
In Table V one can clearly see that the addition of the
simulated GWs data to the current cosmological probes
significantly improves the parameters space of the model
parameters by reducing their error bars. One can visual-
ize the effects of GWs on the CMB data alone looking at
Fig. 8, or comparing Table IV and Table V. Also in this
case are the independent parameters Ωch
2, θMC and ξ
to be the most affected by the inclusion of the simulated
GWs data, improving consequently the derived parame-
ter in Fig. 8. For example, one can clearly see that the
coupling parameter is estimated as ξ = 0.02+0.22−0.27 (68%
CL, for CMB alone) and ξ = −0.028+0.045−0.052 (68% CL,
CMB+GW), which clearly demonstrates the improve-
ment of a factor 5 in the parameters space for the cou-
pling parameter. Similar effects can be seen from other
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FIG. 7: The figure for IVS2 shows two different things as follows. It contains the 68% and 95% confidence level contour
plots between several combinations of the model parameters using only the standard cosmological probes namely CMB, BAO,
Pantheon, RSD, R16, CC and WL. Also, it shows the one dimensional marginalized posterior distributions of some selected
parameters. We note that here Ωm0 is the present value of Ωm = Ωc + Ωb, and H0 is in the units of Km/sec/Mpc.
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FIG. 8: We compare the one dimensional marginalized posterior distributions for some selected parameters of the interacting
scenario IVS2 considering the observational datasets CMB and CMB+GW.
parameters as well after the inclusion of GWs data to the
standard cosmological probes. CMB+GW is better than
CMB+BAO. We can estimate the effect of the simulated
GWs data in the plane ξ vs H0 looking at Fig. 9, where it
is evident for a significant improvement in the parameter
space also compared to the full combination of datasets
currently available. The inclusion of the simulated GWs
data is forecasted to constrain the ξ parameter with an
error bar of about 0.040 and H0 of about 0.5 respectively.
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FIG. 9: In this figure compare various contour plots of the cosmological parameters for the IVS2 scenario before and after the
inclusion of the GWs data.
5. CONCLUDING REMARKS
Observational data from different astronomical sources
have been playing an important role in the understand-
ing of the universe’s evolution. Due to successive devel-
opments in the observational data our understanding on
different cosmological models that we had in the begin-
ning of twenty-first century, has changed a lot at present
time. And thanks to the astronomical datasets a large
number of cosmological models have been excluded as a
consequence and several others have been strictly con-
strained. Therefore, without any further doubt theory
and observations are complimentary to each other. The
main theme of the present work is to examine the con-
straining power of the cosmological models using a very
recent astronomical data, namely the gravitational waves
standard sirens.
The GWs have just been detected by LIGO and
VIRGO collaborations [54–60] and probably it is one of
the thrilling achievements of modern cosmology possibly
after the detection of the accelerating universe. Undoubt-
edly, with the detection of GWs, a cluster of possibilities
for modern cosmological research are now available to us
[61–74]. The understanding of the dark sector’s dynam-
ics is one of the possibilities among them. Being inspired
with the detection of GWs, here in this work, we have
focused on a specific but general class of cosmological
models, namely the interacting DE models in order to
see how future GWs data could constrain these models.
Thus, to start with we have considered a simple inter-
action scenario where the pressureless DM fluid interacts
with vacuum energy. To illustrate such scenario we have
assumed two interaction models shown in equations (8)
and (9) and constrained them with the use of (i) current
standard cosmological data and (ii) then with the use of
simulated GWs data in presence of the usual cosmologi-
cal data. The results are summarized in Table II (IVS1;
no GWs), Table III (IVS1; with GWs), Table IV (IVS2;
no GWs) and Table V (IVS2; with GWs).
Our analysis is very simple. For both the interaction
scenarios we test with the current standard cosmologi-
cal data, namely CMB, BAO, Pantheon, RSD, R16, CC,
WL, and found a mild interaction in the dark sector
which seems to be consistent with the ΛCDM cosmol-
ogy. We then add simulated GWs data to the standard
cosmological probes and measures the improvements of
the cosmological parameters. We find that the addition
of the GWs data with the standard cosmological data
significantly improves the parameters space.
Finally, we comment that one can introduce the mas-
sive neutrinos into the interaction scenarios with an aim
to check the bounds on the total neutrino mass in the
presence of the simulated GWs data. We hope to ad-
dress this issue in a forthcoming work.
15
6. ACKNOWLEDGMENTS
W.Y. was supported by the National Natural Science
Foundation of China under Grants No. 11705079 and
No. 11647153. S.P. acknowledges partial support from
the Faculty Research and Development Fund (FRPDF)
Scheme of Presidency University, Kolkata, India. E.D.V.
acknowledges the support from the European Research
Council in the form of a Consolidator Grant with num-
ber 681431. The work of A.W. was supported in part
by the National Natural Science Foundation of China
(NNSFC), Grant Nos. 11375153 and 11675145. The au-
thors thank Minghui Du for some important discussions
on GW simulations.
[1] A. G. Riess et al. [Supernova Search Team], Observa-
tional evidence from supernovae for an accelerating uni-
verse and a cosmological constant, Astron. J. 116, 1009
(1998) [astro-ph/9805201].
[2] S. Perlmutter et al. [Supernova Cosmology Project Col-
laboration], Measurements of Omega and Lambda from
42 high redshift supernovae, Astrophys. J. 517, 565
(1999) [astro-ph/9812133].
[3] P. A. R. Ade et al. [Planck Collaboration], Planck
2015 results. XIII. Cosmological parameters, Astron.
Astrophys. 594, A13 (2016) [arXiv:1502.01589 [astro-
ph.CO]].
[4] N. Aghanim et al. [Planck Collaboration], Planck 2018
results. VI. Cosmological parameters, [arXiv:1807.06209
[astro-ph.CO]].
[5] J. H. He and B. Wang, Effects of the interaction between
dark energy and dark matter on cosmological parame-
ters, JCAP 0806, 010 (2008) [arXiv:0801.4233 [astro-
ph]].
[6] J. H. He, B. Wang and Y. P. Jing, Effects of dark sectors’
mutual interaction on the growth of structures, JCAP
0907, 030 (2009) [arXiv:0902.0660 [gr-qc]].
[7] J. H. He, B. Wang, E. Abdalla and D. Pavo´n, The Im-
print of the interaction between dark sectors in galaxy
clusters, JCAP 1012, 022 (2010) [arXiv:1001.0079 [gr-
qc]].
[8] W. Yang and L. Xu, Cosmological constraints on inter-
acting dark energy with redshift-space distortion after
Planck data, Phys. Rev. D 89, no. 8, 083517 (2014)
[arXiv:1401.1286 [astro-ph.CO]].
[9] W. Yang and L. Xu, Coupled dark energy with perturbed
Hubble expansion rate, Phys. Rev. D 90, no. 8, 083532
(2014) [arXiv:1409.5533 [astro-ph.CO]].
[10] S. Pan, S. Bhattacharya and S. Chakraborty, An ana-
lytic model for interacting dark energy and its observa-
tional constraints, Mon. Not. Roy. Astron. Soc. 452, no.
3, 3038 (2015) [arXiv:1210.0396 [gr-qc]].
[11] Y. H. Li, J. F. Zhang and X. Zhang, Testing mod-
els of vacuum energy interacting with cold dark matter,
Phys. Rev. D 93, no. 2, 023002 (2016) [arXiv:1506.06349
[astro-ph.CO]].
[12] W. Yang, H. Li, Y. Wu and J. Lu, Cosmological con-
straints on coupled dark energy, JCAP 1610, no.10, 007
(2016) [arXiv:1608.07039 [astro-ph.CO]].
[13] S. Pan and G. S. Sharov, A model with interac-
tion of dark components and recent observational data,
Mon. Not. Roy. Astron. Soc. 472, no. 4, 4736 (2017)
[arXiv:1609.02287 [gr-qc]].
[14] G. S. Sharov, S. Bhattacharya, S. Pan, R. C. Nunes and
S. Chakraborty, A new interacting two fluid model and
its consequences, Mon. Not. Roy. Astron. Soc. 466, no.
3, 3497 (2017) [arXiv:1701.00780 [gr-qc]].
[15] M. Shahalam, S. D. Pathak, S. Li, R. Myrzakulov
and A. Wang, Dynamics of coupled phantom and
tachyon fields, Eur. Phys. J. C 77, no. 10, 686 (2017)
[arXiv:1702.04720 [gr-qc]].
[16] R. Y. Guo, Y. H. Li, J. F. Zhang and X. Zhang, Weigh-
ing neutrinos in the scenario of vacuum energy inter-
acting with cold dark matter: application of the param-
eterized post-Friedmann approach, JCAP 1705, no. 05,
040 (2017) [arXiv:1702.04189 [astro-ph.CO]].
[17] R. G. Cai, N. Tamanini and T. Yang, Reconstructing
the dark sector interaction with LISA, JCAP 1705, no.
05, 031 (2017) [arXiv:1703.07323 [astro-ph.CO]].
[18] W. Yang, N. Banerjee and S. Pan, Constraining a dark
matter and dark energy interaction scenario with a dy-
namical equation of state, Phys. Rev. D 95, 123527
(2017) [arXiv:1705.09278 [astro-ph.CO]].
[19] S. Pan, A. Mukherjee and N. Banerjee, Astronomical
bounds on a cosmological model allowing a general in-
teraction in the dark sector, Mon. Not. Roy. Astron.
Soc. 477, 1189 (2018) [arXiv:1710.03725 [astro-ph.CO]]
[20] W. Yang, S. Pan, R. Herrera and S. Chakraborty, Large-
scale (in) stability analysis of an exactly solved cou-
pled dark-energy model, Phys. Rev. D 98, no. 4, 043517
(2018) [arXiv:1808.01669 [gr-qc]].
[21] W. Yang, S. Pan, L. Xu and D. F. Mota, Effects of
anisotropic stress in interacting dark matter dark en-
ergy scenarios, Mon. Not. Roy. Astron. Soc. 482, no. 2,
1858 (2019) [arXiv:1804.08455 [astro-ph.CO]].
[22] W. Yang, S. Pan and A. Paliathanasis, Cosmological
constraints on an exponential interaction in the dark
sector, Mon. Not. Roy. Astron. Soc. 482, no. 1, 1007
(2019) [arXiv:1804.08558 [gr-qc]].
[23] R. von Marttens, L. Casarini, D. F. Mota and W. Zim-
dahl, Cosmological constraints on parametrized interact-
ing dark energy, Phys. Dark Univ. 23, 100248 (2019)
[arXiv:1807.11380 [astro-ph.CO]].
[24] W. Yang, N. Banerjee, A. Paliathanasis and S. Pan,
Reconstructing the dark matter and dark energy inter-
action scenarios from observations, [arXiv:1812.06854
[astro-ph.CO]].
[25] M. Asghari, J. B. Jime´nez, S. Khosravi and D. F. Mota,
On structure formation from a small-scales-interacting
dark sector, [arXiv:1902.05532 [astro-ph.CO]].
[26] L. Feng, H-L. Li, J.-F. Zhang, X. Zhang, Exploring neu-
trino mass and mass hierarchy in interacting dark en-
ergy models, [arXiv:1903.08848 [astro-ph.CO]].
[27] A. Paliathanasis, S. Pan and W. Yang, Dynam-
ics of nonlinear interacting dark energy models,
arXiv:1903.02370 [gr-qc].
[28] S. Pan, W. Yang, C. Singha and E. N. Saridakis, Obser-
16
vational constraints on sign-changeable interaction mod-
els and alleviation of the H0 tension, arXiv:1903.10969
[astro-ph.CO].
[29] Y. L. Bolotin, A. Kostenko, O. A. Lemets and
D. A. Yerokhin, Cosmological Evolution With In-
teraction Between Dark Energy And Dark Matter,
Int. J. Mod. Phys. D 24, no. 03, 1530007 (2015)
[arXiv:1310.0085 [astro-ph.CO]].
[30] B. Wang, E. Abdalla, F. Atrio-Barandela and D. Pavo´n,
Dark Matter and Dark Energy Interactions: Theoret-
ical Challenges, Cosmological Implications and Obser-
vational Signatures, Rept. Prog. Phys. 79 (2016) no.9,
096901 [arXiv:1603.08299 [astro-ph.CO]].
[31] L. Amendola, Coupled Quintessence, Phys. Rev. D 62,
043511 (2000) [arXiv:astro-ph/9908023].
[32] L. Amendola and C. Quercellini, Tracking and coupled
dark energy as seen by WMAP, Phys. Rev. D 68, 023514
(2003) [arXiv:astro-ph/0303228].
[33] D. Pavo´n and W. Zimdahl, Holographic dark energy
and cosmic coincidence, Phys. Lett. B 628, 206 (2005)
[arXiv:gr-qc/0505020].
[34] S. del Campo, R. Herrera and D. Pavo´n, Toward a so-
lution of the coincidence problem, Phys. Rev. D 78,
021302 (2008) [arXiv:0806.2116 [astro-ph]].
[35] S. del Campo, R. Herrera and D. Pavo´n, Interacting
models may be key to solve the cosmic coincidence prob-
lem, J. Cosmol. Astropart. Phys. 0901, 020 (2009)
[arXiv:0812.2210 [gr-qc]].
[36] A. A. Costa, X. D. Xu, B. Wang, E. G. M. Fer-
reira and E. Abdalla, Testing the Interaction between
Dark Energy and Dark Matter with Planck Data, Phys.
Rev. D 89 (2014) no.10, 103531 [arXiv:1311.7380 [astro-
ph.CO]].
[37] V. Salvatelli, N. Said, M. Bruni, A. Melchiorri and
D. Wands, Indications of a late-time interaction in the
dark sector, Phys. Rev. Lett. 113, no. 18, 181301 (2014)
[arXiv:1406.7297 [astro-ph.CO]].
[38] R. C. Nunes, S. Pan and E. N. Saridakis, New
constraints on interacting dark energy from cosmic
chronometers, Phys. Rev. D 94, no. 2, 023508 (2016)
[arXiv:1605.01712 [astro-ph.CO]].
[39] E. G. M. Ferreira, J. Quintin, A. A. Costa, E. Ab-
dalla and B. Wang, Evidence for interacting dark en-
ergy from BOSS, Phys. Rev. D 95, no. 4, 043520 (2017)
[arXiv:1412.2777 [astro-ph.CO]].
[40] W. Yang, S. Pan and D. F. Mota, Novel approach to-
ward the large-scale stable interacting dark-energy mod-
els and their astronomical bounds, Phys. Rev. D 96, no.
12, 123508 (2017) [arXiv:1709.00006 [astro-ph.CO]].
[41] W. Yang, S. Pan and J. D. Barrow, Large-scale Sta-
bility and Astronomical Constraints for Coupled Dark-
Energy Models, Phys. Rev. D 97, no. 4, 043529 (2018)
[arXiv:1706.04953 [astro-ph.CO]].
[42] S. Kumar and R. C. Nunes, Echo of interactions in the
dark sector, Phys. Rev. D 96, no. 10, 103511 (2017)
[arXiv:1702.02143 [astro-ph.CO]].
[43] E. Di Valentino, A. Melchiorri and O. Mena, Can in-
teracting dark energy solve the H0 tension?, Phys. Rev.
D 96, no. 4, 043503 (2017) [arXiv:1704.08342 [astro-
ph.CO]].
[44] W. Yang, S. Pan, E. Di Valentino, R. C. Nunes,
S. Vagnozzi and D. F. Mota, Tale of stable interact-
ing dark energy, observational signatures, and the H0
tension,, J. Cosmol. Astropart. Phys. 1809, 019, (2018)
[arXiv:1805.08252 [astro-ph.CO]].
[45] W. Yang, A. Mukherjee, E. Di Valentino and S. Pan, In-
teracting dark energy with time varying equation of state
and the H0 tension, Phys. Rev. D 98, no. 12, 123527
(2018) [arXiv:1809.06883 [astro-ph.CO]].
[46] S. Kumar, R. C. Nunes and S. K. Yadav, Dark sector
interaction: a remedy of the tensions between CMB and
LSS data, arXiv:1903.04865 [astro-ph.CO].
[47] C. Van De Bruck and J. Mifsud, Searching for dark mat-
ter - dark energy interactions: going beyond the con-
formal case, Phys. Rev. D 97, no. 2, 023506 (2018)
[arXiv:1709.04882 [astro-ph.CO]].
[48] A. Pourtsidou and T. Tram, Reconciling CMB
and structure growth measurements with dark en-
ergy interactions, Phys. Rev. D 94, 043518 (2016)
arXiv:1604.04222 [astro-ph.CO].
[49] R. An, C. Feng and B. Wang, Relieving the Ten-
sion between Weak Lensing and Cosmic Microwave
Background with Interacting Dark Matter and Dark
Energy Models, JCAP 1802, no. 02, 038 (2018)
[arXiv:1711.06799 [astro-ph.CO]].
[50] A. A. Costa, R. C. G. Landim, B. Wang and E. Abdalla,
Interacting Dark Energy: Possible Explanation for 21-
cm Absorption at Cosmic Dawn, Eur. Phys. J. C 78,
no. 9, 746 (2018) [arXiv:1803.06944 [astro-ph.CO]].
[51] L. Xiao, R. An, L. Zhang, B. Yue, Y. Xu and B. Wang,
Can conformal and disformal couplings between dark
sectors explain the EDGES 21-cm anomaly?, Phys. Rev.
D 99, no. 2, 023528 (2019) [arXiv:1807.05541 [astro-
ph.CO]].
[52] B. Wang, Y. g. Gong and E. Abdalla, Transition of
the dark energy equation of state in an interacting holo-
graphic dark energy model, Phys. Lett. B 624, 141
(2005) [hep-th/0506069].
[53] S. Pan and S. Chakraborty, A cosmographic analysis of
holographic dark energy models, Int. J. Mod. Phys. D
23, 1450092 (2014) arXiv:1410.8281 [gr-qc].
[54] B. P. Abbott et al. [LIGO Scientific and Virgo Collabo-
rations], Observation of Gravitational Waves from a Bi-
nary Black Hole Merger, Phys. Rev. Lett. 116, 061102
(2016) [arXiv:1602.03837 [gr-qc]].
[55] B. P. Abbott et al. [LIGO Scientific and Virgo
Collaborations], GW151226: Observation of Gravita-
tional Waves from a 22-Solar-Mass Binary Black Hole
Coalescence, Phys. Rev. Lett. 116, 241103 (2016)
[arXiv:1606.04855 [gr-qc]].
[56] B. P. Abbott et al. [LIGO Scientific and VIRGO Collab-
orations], GW170104: Observation of a 50-Solar-Mass
Binary Black Hole Coalescence at Redshift 0.2, Phys.
Rev. Lett. 118, 221101 (2017) [arXiv:1706.01812 [gr-
qc]].
[57] B. P. Abbott et al. [LIGO Scientific and Virgo Collab-
orations], GW170608: Observation of a 19-solar-mass
Binary Black Hole Coalescence, Astrophys. J. 851, L35
(2017) [arXiv:1711.05578 [astro-ph.HE]].
[58] B. P. Abbott et al. [LIGO Scientific and Virgo Col-
laborations], GW170814: A Three-Detector Observa-
tion of Gravitational Waves from a Binary Black Hole
Coalescence, Phys. Rev. Lett. 119, 141101 (2017)
[arXiv:1709.09660 [gr-qc]].
[59] B. P. Abbott et al. [LIGO Scientific and Virgo Collabo-
rations], Upper Limits on the Rates of Binary Neutron
Star and Neutron Star black Hole Mergers From Ad-
vanced Ligos First Observing run, Astrophys. J. 832,
17
L21 (2016) [arXiv:1607.07456 [astro-ph.HE]].
[60] B. P. Abbott et al. [LIGO Scientific and Virgo Col-
laborations], GW170817: Observation of Gravitational
Waves from a Binary Neutron Star Inspiral, Phys. Rev.
Lett. 119, 161101 (2017) arXiv:1710.05832 [gr-qc].
[61] P. Creminelli and F. Vernizzi, Dark Energy after
GW170817 and GRB170817A, Phys. Rev. Lett. 119,
no. 25, 251302 (2017) [arXiv:1710.05877 [astro-ph.CO]].
[62] J. M. Ezquiaga and M. Zumalaca´rregui, Dark En-
ergy After GW170817: Dead Ends and the Road
Ahead, Phys. Rev. Lett. 119, no. 25, 251304 (2017)
[arXiv:1710.05901 [astro-ph.CO]].
[63] J. Sakstein and B. Jain, Implications of the Neutron
Star Merger GW170817 for Cosmological Scalar-Tensor
Theories, Phys. Rev. Lett. 119, no. 25, 251303 (2017)
[arXiv:1710.05893 [astro-ph.CO]].
[64] S. Chakraborty, K. Chakravarti, S. Bose and S. Sen-
Gupta, Signatures of extra dimensions in gravitational
waves from black hole quasinormal modes, Phys. Rev.
D 97, no. 10, 104053 (2018) [arXiv:1710.05188 [gr-qc]].
[65] L. Visinelli, N. Bolis and S. Vagnozzi, Brane-world extra
dimensions in light of GW170817, Phys. Rev. D 97, no.
6, 064039 (2018) [arXiv:1711.06628 [gr-qc]].
[66] J. Oost, S. Mukohyama and A. Wang, Constraints on
Einstein-aether theory after GW170817, Phys. Rev. D
97, no. 12, 124023 (2018) [arXiv:1802.04303 [gr-qc]].
[67] A. Casalino, M. Rinaldi, L. Sebastiani and S. Vagnozzi,
Mimicking dark matter and dark energy in a mimetic
model compatible with GW170817, Phys. Dark Univ. 22,
108 (2018) [arXiv:1803.02620 [gr-qc]].
[68] R. C. Nunes, S. Pan and E. N. Saridakis, New observa-
tional constraints on f(T ) gravity through gravitational-
wave astronomy, Phys. Rev. D 98, no. 10, 104055 (2018)
[arXiv:1810.03942 [gr-qc]].
[69] R. C. Nunes, M. E. S. Alves and J. C. N. de Araujo,
Primordial gravitational waves in Horndeski gravity,
arXiv:1811.12760 [gr-qc].
[70] J. Mifsud and C. van de Bruck, An interacting dark sec-
tor and the first gravitational-wave standard siren detec-
tion, arXiv:1901.09218 [astro-ph.CO].
[71] J. Z. Qi, S. Cao, Y. Pan and J. Li, Cosmic opacity:
cosmological-model-independent tests from gravitational
waves and Type Ia Supernova, arXiv:1902.01702 [astro-
ph.CO].
[72] A. Palmese et al., Gravitational wave cosmology and
astrophysics with large spectroscopic galaxy surveys,
arXiv:1903.04730 [astro-ph.CO].
[73] E. Di Valentino and A. Melchiorri, First cosmo-
logical constraints combining Planck with the recent
gravitational-wave standard siren measurement of the
Hubble constant, Phys. Rev. D 97, no. 4, 041301 (2018)
[arXiv:1710.06370 [astro-ph.CO]].
[74] E. Di Valentino, D. E. Holz, A. Melchiorri and F. Renzi,
The cosmological impact of future constraints on H0
from gravitational-wave standard sirens, Phys. Rev.
D 98, no. 8, 083523 (2018) [arXiv:1806.07463 [astro-
ph.CO]].
[75] V. F. Mukhanov, H. A. Feldman and R. H. Bran-
denberger, Theory of cosmological perturbations, Phys.
Rept. 215, 203 (1992).
[76] C. P. Ma and E. Bertschinger, Cosmological perturba-
tion theory in the synchronous and conformal Newto-
nian gauges, Astrophys. J. 455, 7 (1995) arXiv:astro-
ph/9506072.
[77] K. A. Malik and D. Wands, Cosmological perturbations,
Phys. Rept. 475, 1 (2009) [arXiv:0809.4944 [astro-ph]].
[78] E. Majerotto, J. Valiviita and R. Maartens, Adiabatic
initial conditions for perturbations in interacting dark
energy models, Mon. Not. Roy. Astron. Soc. 402, 2344
(2010) [arXiv:0907.4981 [astro-ph.CO]].
[79] J. Va¨liviita, E. Majerotto and R. Maartens, Instability
in interacting dark energy and dark matter fluids, JCAP
0807, 020 (2008) [arXiv:0804.0232 [astro-ph]].
[80] T. Clemson, K. Koyama, G. B. Zhao, R. Maartens
and J. Valiviita, Interacting Dark Energy – constraints
and degeneracies, Phys. Rev. D 85, 043007 (2012)
[arXiv:1109.6234 [astro-ph.CO]].
[81] Y. Wang, D. Wands, G. B. Zhao and L. Xu, Post-
Planck constraints on interacting vacuum energy, Phys.
Rev. D 90, no. 2, 023502 (2014) [arXiv:1404.5706 [astro-
ph.CO]].
[82] R. Adam et al. [Planck Collaboration], Planck 2015
results. I. Overview of products and scientific results,
Astron. Astrophys. 594, A1 (2016) [arXiv:1502.01582
[astro-ph.CO]].
[83] N. Aghanim et al. [Planck Collaboration], Planck 2015
results. XI. CMB power spectra, likelihoods, and robust-
ness of parameters, Astron. Astrophys. 594, A11 (2016)
[arXiv:1507.02704 [astro-ph.CO]].
[84] D. M. Scolnic et al., The Complete Light-curve Sam-
ple of Spectroscopically Confirmed SNe Ia from Pan-
STARRS1 and Cosmological Constraints from the Com-
bined Pantheon Sample, Astrophys. J. 859, no. 2, 101
(2018) [arXiv:1710.00845 [astro-ph.CO]].
[85] F. Beutler et al., The 6dF Galaxy Survey: Baryon
Acoustic Oscillations and the Local Hubble Constant,
Mon. Not. Roy. Astron. Soc. 416, 3017 (2011)
[arXiv:1106.3366 [astro-ph.CO]].
[86] A. J. Ross, L. Samushia, C. Howlett, W. J. Percival,
A. Burden and M. Manera, The clustering of the SDSS
DR7 main Galaxy sample I. A 4 per cent distance mea-
sure at z = 0.15, Mon. Not. Roy. Astron. Soc. 449, no.
1, 835 (2015) [arXiv:1409.3242 [astro-ph.CO]].
[87] H. Gil-Mar´ın et al., The clustering of galaxies in
the SDSS-III Baryon Oscillation Spectroscopic Survey:
BAO measurement from the LOS-dependent power spec-
trum of DR12 BOSS galaxies, Mon. Not. Roy. Astron.
Soc. 460, no. 4, 4210 (2016) [arXiv:1509.06373 [astro-
ph.CO]].
[88] H. Gil-Mar´ın et al., The clustering of galaxies in
the SDSS-III Baryon Oscillation Spectroscopic Survey:
RSD measurement from the power spectrum and bispec-
trum of the DR12 BOSS galaxies, Mon. Not. Roy. As-
tron. Soc. 465, no. 2, 1757 (2017) [arXiv:1606.00439
[astro-ph.CO]].
[89] A. G. Riess et al., A 2.4% Determination of the Local
Value of the Hubble Constant, Astrophys. J. 826, no. 1,
56 (2016) [arXiv:1604.01424 [astro-ph.CO]].
[90] M. Moresco et al., A 6% measurement of the Hubble
parameter at z ∼ 0.45: direct evidence of the epoch of
cosmic re-acceleration, JCAP 1605, no. 05, 014 (2016)
[arXiv:1601.01701 [astro-ph.CO]].
[91] C. Heymans et al., CFHTLenS tomographic weak lens-
ing cosmological parameter constraints: Mitigating the
impact of intrinsic galaxy alignments, Mon. Not. Roy.
Astron. Soc. 432, 2433 (2013) arXiv:1303.1808 [astro-
ph.CO].
[92] M. Asgari, C. Heymans, C. Blake, J. Harnois-
18
Deraps, P. Schneider and L. Van Waerbeke, Revisit-
ing CFHTLenS cosmic shear: Optimal E/B mode de-
composition using COSEBIs and compressed COSE-
BIs, Mon. Not. Roy. Astron. Soc. 464, 1676 (2017)
arXiv:1601.00115 [astro-ph.CO].
[93] A. G. Riess et al., Milky Way Cepheid Standards for
Measuring Cosmic Distances and Application to Gaia
DR2: Implications for the Hubble Constant, Astrophys.
J. 861, no. 2, 126 (2018) [arXiv:1804.10655 [astro-
ph.CO]].
[94] A. Lewis and S. Bridle, Cosmological parameters from
CMB and other data: A Monte Carlo approach, Phys.
Rev. D 66, 103511 (2002) [astro-ph/0205436].
[95] A. Lewis, A. Challinor and A. Lasenby, Efficient com-
putation of CMB anisotropies in closed FRW models,
Astrophys. J. 538, 473 (2000) [astro-ph/9911177].
[96] A. Lewis, Efficient sampling of fast and slow cosmologi-
cal parameters, Phys. Rev. D 87, no. 10, 103529 (2013)
[arXiv:1304.4473 [astro-ph.CO]].
[97] W. Zhao, C. Van Den Broeck, D. Baskaran and
T. G. F. Li, Determination of Dark Energy by the
Einstein Telescope: Comparing with CMB, BAO and
SNIa Observations, Phys. Rev. D 83, 023005 (2011)
[arXiv:1009.0206 [astro-ph.CO]].
[98] R. G. Cai and T. Yang, Estimating cosmological param-
eters by the simulated data of gravitational waves from
the Einstein Telescope, Phys. Rev. D 95, no. 4, 044024
(2017) [arXiv:1608.08008 [astro-ph.CO]].
[99] R. G. Cai, T. B. Liu, X. W. Liu, S. J. Wang and T. Yang,
Probing cosmic anisotropy with gravitational waves as
standard sirens, Phys. Rev. D 97, no. 10, 103005 (2018)
[arXiv:1712.00952 [astro-ph.CO]].
[100] L. F. Wang, X. N. Zhang, J. F. Zhang and X. Zhang,
Impacts of gravitational-wave standard siren observation
of the Einstein Telescope on weighing neutrinos in cos-
mology, Phys. Lett. B 782, 87 (2018) [arXiv:1802.04720
[astro-ph.CO]].
[101] R. Schneider, V. Ferrari, S. Matarrese and S. F. Porte-
gies Zwart, Gravitational waves from cosmological com-
pact binaries, Mon. Not. Roy. Astron. Soc. 324, 797
(2001) [astro-ph/0002055].
[102] C. Cutler and D. E. Holz, Ultra-high precision cosmol-
ogy from gravitational waves, Phys. Rev. D 80, 104009
(2009) [arXiv:0906.3752 [astro-ph.CO]].
[103] Tjonnie G. F. Li, Extracting Physics from Gravitational
Waves, Springer Theses (2015) [doi:10.1007/978-3-319-
19273-4]
[104] M. Abernathy et al. [ET Science Team], Einstein grav-
itational wave Telescope conceptual design study, ET-
0106C-10 (issue: 4); see the website: www.et-gw.eu/.
[105] B. Sathyaprakash et al., Scientific Objectives of Ein-
stein Telescope, Class. Quant. Grav. 29, 124013 (2012)
Erratum: [Class. Quant. Grav. 30, 079501 (2013)]
[arXiv:1206.0331 [gr-qc]].
[106] T. Yang, R. F. L. Holanda and B. Hu, Constraints
on the cosmic distance duality relation with simulated
data of gravitational waves from the Einstein Telescope,
arXiv:1710.10929 [astro-ph.CO].
[107] G. Congedo and A. Taylor, Joint cosmological inference
of standard sirens and gravitational wave weak lensing,
arXiv:1812.02730 [astro-ph.CO].
